Hypothalamic gonadotropin-releasing hormone (GnRH) neurons integrate the multiple internal and external cues that regulate sexual reproduction. In contrast to other neurons that exhibit extensive dendritic arbors, GnRH neurons usually have a single dendrite with relatively little branching. This largely precludes the integration strategy in which a single dendritic branch serves as a unit of integration. In the present study, we identify a gradient in L-type calcium channels in dendrites of mouse GnRH neurons and its interaction with GABAergic and glutamatergic inputs. Higher levels of L-type calcium channels are in somata/proximal dendrites (i.e., 0 -26 m) and distal dendrites (ϳ130 m dendrite length), but intervening midlengths of dendrite (ϳ27-130 m) have reduced L-type calcium channels. Using uncaging of GABA, there is a decreasing GABAergic influence along the dendrite and the impact of GABA A receptors is dependent on activation of L-type calcium channels. This results in amplification of proximal GABAergic signals and attenuation of distal dendritic signals. Most interestingly, the intervening dendritic regions create a filter through which only relatively high-amplitude, low-frequency GABAergic signaling to dendrites elicits action potentials. The findings of the present study suggest that GnRH dendrites adopt an integration strategy whereby segments of single nonbranching GnRH dendrites create functional microdomains and thus serve as units of integration.
Introduction
Gonadotropin-releasing hormone (GnRH) neurons are the final site of integration for multiple internal and external cues regulating sexual reproduction. The GnRH peptide is released episodically from nerve terminals of GnRH axons that project to the median eminence. The pulsatile GnRH signal provides the obligatory stimulus for gonadotropin release from the anterior pituitary and the subsequent support of gonadal function (Herbison, 2006) .
The search for mechanisms that control GnRH neuronal activity has focused largely on somata. However, interactions exist between GnRH dendrites, which could coordinate action potentials in GnRH neurons for pulsatile GnRH release (Campbell et al., 2009) . Moreover, some GnRH dendrites are outside the blood-brain barrier (Herde et al., 2011) . Thus, GnRH dendrites are poised to make critical contributions to the control of intermittent GnRH release. Finally, recent evidence indicates GnRH dendrites express tetrodotoxin-sensitive voltage-gated sodium channels, thereby endowing dendrites with the capacity for backpropagation of somatically generated action potentials and dendritic initiation of action potentials (Roberts et al., 2008a) .
Several populations of neurons have active conductances in their dendrites with nonuniform distributions (Migliore and Shepherd, 2002) . Synaptic input to dendrites can also be nonuniform (Oviedo and Reyes, 2005; Cottrell et al., 2006) . Such variations have led to the concept of functional microdomains within dendrites. Most recently, dendrites have been implicated in nonlinear integration of synaptic input in cortical pyramidal neurons. This allows dendritic branches to act as functional units within the nervous system Häusser, 2010, 2011) .
Multicompartmental modeling experiments first suggested functional microdomains within GnRH dendrites based on voltage-gated sodium channel expression in dendrites. Coupled with the high local axial resistance created by small distal diameters, simulated dendritic action potentials were elicited with relatively modest simulated inputs in distal compartments of GnRH neurons, whereas somatic/proximal dendritic action potentials required higher synaptic stimulation (Roberts et al., 2008a) . Moreover, some GnRH neurons exhibited somatic and dendritic action potentials during electrophysiological recordings. Differences in modes of action potential generation (somatic vs den-dritic) were attributed to gradients in synaptic phenotypes and densities of innervation along dendrites (Cottrell et al., 2006) and therefore suggested functional microdomains exist within GnRH dendrites.
In the present study, we experimentally define a functional microdomain in GnRH dendrites created by gradients in GABAergic conductances and L-type calcium channels. Afferents of GABA neurons provide a dominant synaptic drive to GnRH neurons (Sim et al., 2000) that is depolarizing (DeFazio et al., 2002) . Moreover, L-type calcium channels are important in the activity of model GnRH neurons (i.e., GT1-7 cells) Van Goor et al., 2000) and interact with GABAergic inputs (Spergel et al., 1995; Constantin et al., 2010) . Finally, physiological cues that regulate GnRH release modulate GABAergic inputs (Sullivan et al., 2003; Sullivan and Moenter, 2004) . Accordingly, these GABA A receptor/L-type calcium channel dendritic microdomains would modulate the efficacy of cues mediated by GABA A inputs.
Materials and Methods

Animals
All studies used adult male mice in which GnRH neurons express green fluorescent protein (GFP) (Spergel et al., 1999) . Animals were maintained on a 12 h light/dark cycle with ad libitum access to standard rodent chow and water. All procedures performed on animals were reviewed and approved by the Institutional Animal Care and Use Committee at University of Texas, San Antonio, and were in accordance with the NIH Guide for Care and Use of Laboratory Animals.
Electrophysiology
Tissue preparation. Hypothalamic slices (300 m) were prepared in the sagittal plane using a vibrating microtome (HM 650V; Sigmann Elektronik). Following decapitation under isoflurane anesthesia, brains were removed and placed in cold (1-2°C) artificial CSF (ACSF) solution containing the following (in mM): 125 NaCl, 24 NaHCO 3 , 2.5 KCl, 1 CaCl 2 , 1 MgCl 2 , and 10 D-glucose, equilibrated with 95% O 2 /5% CO 2 , pH 7.3-7.4. Slices were incubated in ACSF for 1-2 h at 32°C, transferred to a recording chamber mounted on the stage of an upright microscope (Axioskop; Carl Zeiss Microimaging), and then continuously perfused with ACSF (32°C). GnRH neurons were identified through their GFP expression using epifluorescent excitation at 470 nm with a 60ϫ waterimmersion objective.
Pipettes (9 -12 M⍀) were made from borosilicate glass (A-M Systems) using a pipette puller (PC-10; Narishige) and coated with Sylgard 184 (Dow Corning) to minimize pipette capacitance. Pipettes were filled with the following (in mM): 140 K-gluconate, 10 HEPES, 0.2 EGTA, 28.8 NaCl, 2 MgCl 2 , 4 adenosine 5Ј-triphosphate disodium salt hydrate (C 10 H 14 N 5 Na 2 O 13 P 3 ⅐H 2 O), 0.4 guanosine 5Ј-triphosphate sodium salt hydrate (C 10 H 16 N 5 O 14 P 3 ⅐Na ϩ ), 0.05 spermine, and 5 glutathione with 0.5% biocytin. This renders the reversal potential for chloride the principal current carrier for the GABA A receptor (E GABAA ) ϭ Ϫ36.5 mV, in GnRH neurons (DeFazio et al., 2002) .
Dynamic current clamping. Dynamic current clamping is used to apply the electrical equivalents of synaptic currents to somata of neurons. During a recording, the instantaneous values of the membrane potential, V m (from the neuron), the conductance ( g i ) from the conductance waveform, and the reversal potential (E i ) are used to calculate the current to be injected (I i ) using Ohm's law [I i ϭ g i (V m Ϫ E i )]. Thus, injected current mimics biophysical currents. The currents that flow in living cells, such as the GABA A synaptic current, are characterized by a time-varying conductance and a reversal potential. Therefore, one can construct simulated synapses with defined magnitudes and time courses of conductance and the reversal potential. Before experiments, predefined patterns of synaptic input were simulated in GENESIS. A conductance waveform was generated that is the sum of many individual postsynaptic conductance events. This waveform can then be applied multiple times to the same cell, or to different cells.
During recordings, membrane potential changes in living neurons. Dynamic current clamping uses feedback from a neuron to a computer, where V m is updated online (in our experimental configuration at 10 kHz). The injected current is adjusted based on this feedback loop to reflect changes in driving force that occur with alterations in V m (Sharp et al., 1993) . Thus, the magnitude of inputs applied using the dynamic current clamp depends on the activity of the recorded neuron.
To accurately simulate excitatory GABAergic input with the reported E GABAA ϭ Ϫ36.5 mV (DeFazio et al., 2002) , the time courses of the conductance of the simulated synapses used for our dynamic currentclamping experiments were defined using a double-exponential function as follows:
In Equation 1, the variables 1 and 2 are the rise and fall time constants, t is the time, and g syn is the conductance amplitude.
Simulated patterns of input, with semirandom Gaussian distributions of activation times at various mean frequencies, were computed using the General Neural Simulation System (GENESIS; http://www.genesis-sim. org/GENESIS/). GABA A -type synapses were constructed using Equation 1 with a 1 and 2 of 1.0 and 10 ms, respectively. We used peak synaptic conductance levels for GABA inputs of 250, 500, and 1250 pS in separate simulations to study the impact of a range of plausible sizes of synaptic inputs. For dynamic-clamping experiments to determine the specificity of GABA A and L-type calcium channel interactions, AMPA-type excitatory inputs were applied to GnRH somata. Simulated AMPA-type inputs were constructed using Equation 1 with a 1 and 2 of 0.5 and 1.2 ms, respectively, and conductances of 500 pS. We have previously verified these conductance levels in GnRH neurons relative to endogenous postsynaptic currents (PSCs) mediated by GABA A receptors when E GABAA ϭ Ϫ36.5 mV (DeFazio et al., 2002; Roberts et al., 2008b) and AMPA receptors (Suter, 2004) .
When studying activity of GnRH neurons in response to simulated GABAergic inputs, picrotoxin (40 M; Tocris), a GABA A receptor antagonist, was added to the bath solution to block endogenous GABA A receptor activation. We also used 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (20 M) to block AMPA receptors to isolate GABA. During dynamic-clamping experiments with simulated AMPA inputs, CNQX (20 M) was used to block endogenous AMPA receptors. The average age of mice used for GABA and AMPA dynamic-clamp recordings was 67.5 Ϯ 6.1 d (n ϭ 27) and 53.2 Ϯ 3.8 d (n ϭ 5), respectively.
Analysis: spike-triggered averaging. The analysis of dynamic-clamping data involves the technique of spike-triggered averaging to examine how GnRH neurons integrate synaptic inputs. To understand the nature of inputs that lead to spikes, one identifies the time course of simulated inputs in a short temporal window before and after each spike (for analysis details, see Roberts et al., 2008b) . Spike-triggered averaging on dynamic-clamping data was performed with custom software.
Cell-attached recordings. We have previously validated our cellattached recording approach for the detection of action potentials with low-resistance seals (ϳ30 -50 M⍀) (Hemond and Suter, 2010) . We used Axoclamp 2B (Molecular Devices) in current-clamp mode as the primary amplifier in series with a second amplifier (A-M Systems 3000) to increase signal detection and to allow for detection of action potentials. Glutamatergic excitation mediated by AMPA receptors was blocked with CNQX (20 M) to isolate GABAergic inputs. Neurons were visually mapped to schematics and placed in 4% paraformaldehyde after recordings. Slices were then subjected to immunocytochemistry for L-type calcium channels (see below). The average age of mice used for cell-attached recordings was 80 Ϯ 0.31 d (n ϭ 6).
Spikes times were obtained by calculating the time-to-peak above Ն4 times root mean square of the signal. The interspike intervals were pooled from six cells (each with 25-s-long spike trace), and the commonly used parameter for measuring variation, the coefficient of variation, was calculated.
Uncaging of GABA. Whole-cell recordings were performed as previously detailed (see above) (Roberts et al., 2008b) . Using the 60ϫ objec-tive and microscope described in the section above, the Dual Port Wide condensor (TILL Photonics) with all apertures adjusted to be maximally open was attached in the place of the X-cite series 120 epifluorescence condensor, which is standard with Zeiss microscopes. The original X-cite series 120 fiber optic cable was reattached to the "direct arm" of this condensor, allowing unimpeded epifluorescence light source to pass into the microscope, and was used for locating the GnRH neurons. The fiber optic cable of a TILL Photonics Rapp OptoElectronic JML-C2 xenon flashlamp system was attached to the side port of this condensor, which contained the supplied UV dichroic mirror positioned to reflect UV photoflash emissions from the JML-C2 into the microscope. A 400dclp D350/50ϫ DAPI filter set (Chroma Technology) with a metal slug in the emission port was inserted into the filter block turret of the Zeiss microscope and selected during all UV uncaging flash events.
Using the "C2" capacitive setting and a voltage of 200 V on the JML-C2, the user generated flash emissions. An SP395 UV optical filter was placed in the lamp cowel on the front of the unit to attenuate longer wavelengths and allow UV to pass. DPNI-caged GABA [1-(4-aminobutanoyl)-4-[1,3-bis(dihydroxyphosphoryloxy)propan-2-yloxy]-7-nitroindoline] (Tocris Bioscience) was prepared in a 2 mM concentration in a small volume of ACSF and infused into the tissue well using a recirculation system isolated from the main ACSF system. The average age of mice used for recordings during uncaging of GABA was 68.5 Ϯ 4.6 d (n ϭ 14).
Cell filling with biocytin. In experiments in which GABA was uncaged along the dendrite, GnRH neurons were filled with biocytin from the pipette solution after achieving the whole-cell recording configuration. Slices containing biocytin-filled GnRH neurons were placed in 4% paraformaldehyde immediately after filling. Seventy-two hours later, biocytin-containing neurons were relocated with NeutrAvidin, Cascade Blue conjugate (1:100; Invitrogen). Relocated GnRH neurons containing biocytin were viewed using DAPI optics to visualize the Cascade Blue signal, as well as in the FITC channel to verify that the endogenous GFP fluorescence emission had survived the procedure. Positive slices were subjected to immunocytochemistry for L-type calcium channels (see below).
Anatomical experiments: L-type calcium channel immunohistochemistry
Animals were deeply anesthetized with an intraperitoneal injection of sodium pentobarbital (Butler Schein) and immediately transcardially perfused with cold lactated Ringer's followed by cold paraformaldehyde (Ted Pella). A concentration of 4% paraformaldehyde in 0.1 M phosphate buffer was used. The brain was then removed and immersed in the same solution of paraformaldehyde as was used in the perfusion for an additional 24 h at 4°C. The brain was then washed in PBS three times at 10 min per wash and stored in PBS at 4°C.
Brains were sectioned at 50 m in the hemisagittal plane using a Ted Pella Vibratome 1000. All slices were washed three times for 10 min each with PBS on a shaker at room temperature (RT). Slices were then blocked with 250 l of 5% BSA, 0.2% Triton X-100, and 6% normal goat serum in PBS for 1 h on a shaker at RT or alternatively overnight at 4°C. The primary L-type antibody (anti-Ca v 1.2; Alomone Labs) was added at a concentration of 1:250 along with the fresh block as described above. We focused on Ca v 1.2 channels based on preliminary immunocytochemistry experiments and activation voltages for L-type calcium channel subtypes (Lipscombe et al., 2004) .
Slices were incubated for 3-4 d at 4°C. Following incubation, all slices were washed three times for 10 min each with PBS on a shaker at RT. The rhodamine goat-hosted anti-rabbit secondary antibody (A11036; Invitrogen) was applied at a concentration of 1:100 in 250 l of PBS and incubated for 2 h at RT on a light protected shaker. Tissues were then washed three times for 10 min each with PBS on the shaker at RT and then visualized on a Nikon Eclipse 600 equipped with epifluorescence to verify the presence of the secondary rhodamine fluorescence to the L-type calcium primary antibody, as well as the postprocedural survival of the endogenous GFP emission from the GnRH neurons themselves. We examined the distribution of calcium channels labeled with the rhodamine secondary only in GnRH neurons that had dendrites with lengths of at least 150 m (34 of 42 GnRH neurons derived from 24 animals).
Confocal image acquisition
Excitation and 3-D stack imaging of all fluorophores was performed using a sequential scan. Each channel was sampled with Nyquist resolution and one Airy unit set individually for each fluorophore and used a z-step of 0.45 m on the focus motor for each scan using an Olympus Plan-Neofluor DIC 40ϫ oil-immersion objective. Images were analyzed using a Zeiss LSM 510 Meta laser-scanning confocal microscope and associated acquisition software (release 4.2; SP1, Heidelberg Germany). The GFP was excited with the 488 nm line from the argon gas laser of the system (emission filter of 505-570 nm). To excite the rhodamine secondary for the L-type calcium channels, we used a helium-neon laser 543 nm line (emission LP 560 filter).
Image analysis
Images were subjected to 3-D deconvolution using AutoQuant (version 1.4.1; Media Cybernetics). Using a process called blind point spread function (blind PSF) deconvolution, the mathematical inverse of the convolving function that describes the theoretical pathway and distortions the light took through the instrument and various media (glass, immersion oil) is computed to more accurately render or (deconvolve) an image. This inverse function is used to reduce the number of falsely assigned photons or photons whose origins were erroneously assigned to portions of the specimen from which they did not arise. This approach also assisted in our colocalization (see below). These deconvolved images were analyzed in Imaris (version X64, 5.1.2; Bitplane).
Colocalization of GFP (pseudocolored green) and the L-type calcium channels (pseudocolored red) was determined using the Imaris colocalization function. Colocalization (pseudocolored white) is tagged if signals from the two channels occurred within the same voxel, defined by our optics as a 0.41 (x-axis) ϫ 0.41 ( y-axis) ϫ 0.45 (z-axis) m cube. These images were colocalized in full 3-D without projecting or collapsing the image stacks.
Results
There is now general agreement that GABA A receptor activation is excitatory in GnRH neurons with a defined E GABAA ϭ Ϫ36.5 mV (DeFazio et al., 2002) . During endogenous activity, several possible explanations could account for the earlier differences between GnRH neurons in their response to GABAergic excitation. These include a shift in E GABAA due to changes in intracellular chloride concentrations during times of high GABA input (Gulledge and Stuart, 2003) , high levels of NMDA receptor activation (Lee et al., 2011) , or differences in chloride transporter expression between GnRH neurons (Leupen et al., 2003) .
In our dynamic-clamping experiments, we fixed the value of E GABAA used in our simulated GABAergic conductances, making it independent of chloride concentrations. Nonetheless, one of the limitations of dynamic current-clamping is that the current injecting electrode is located at the soma. This is an accurate way of simulating somatic synaptic inputs/proximal dendritic inputs but may not adequately reflect interactions when inputs are distributed along the dendrite. We also used ratios of intracellular and extracellular chloride concentrations to control chloride gradients. However, activity of chloride transporters may still be effective at altering local chloride concentrations particularly in the smaller compartments of distal dendrites. These limitations underscore the complexity of studying chloride-related processes in many, if not most, populations of neurons. In the present study, differences were considered significant at p Յ 0.05.
Firing rates in GnRH neurons during application of identical input profiles of simulated synapses with E GABAA ϭ Ϫ36.5 mV are shown in Figure 1A -D. Action potentials in response to simulated GABAergic excitation were detected in some GnRH neurons, but firing was completely absent in other GnRH neurons using the same stimulus conditions. We termed GnRH neurons that exhibited action potentials in response to GABAergic excitation as responder GnRH neurons and those that did not respond as nonresponder GnRH neurons. Action potential thresholds ranged from Ϫ34 to Ϫ30 mV between cells and did not distinguish responder and nonresponder GnRH neurons.
Responder GnRH neurons fired with application of simulated synapses with unitary conductances of 500 pS (Fig. 1 A) . This conductance generates currents whose amplitudes closely replicate endogenous GABAergic currents in GnRH neurons when E GABAA ϭ Ϫ36.5 mV (Roberts et al., 2008b) . Responsive GnRH neurons also exhibited action potentials with the 1250 pS unitary conductance (Fig. 1 B) . In contrast, nonresponders exhibited no action potentials in response to these same stimuli. Instead, nonresponders had persistently elevated membrane potentials when GABAergic excitation was applied with E GABAA ϭ Ϫ36.5 mV. The membrane potential was depolarized up to 20 mV above the resting potential but without action potentials (Fig. 1C) . As a positive control, in nonresponder neurons, we applied simulated synapses with E GABAA ϭ 0 mV by altering E GABAA in our dynamic clamping equation online, after testing the response of the neuron to inputs in which E GABAA ϭ Ϫ36.5 mV. Nonresponders exhibited robust firing (Fig. 1 D) , indicating these nonresponder cells were capable of generating action potentials.
Firing rates for all tested GnRH neurons and responder GnRH neurons are summarized in Figure 1 , E and F, respectively). Highest rates of firing occurred when synapses of unitary conductances of 1250 pS were applied (Fig. 1 E, F, black  bars) . Firing rates ranged from 1.39 Ϯ 0.58 to 2.3 Ϯ 0.98 Hz for input frequencies from 25 to 100 Hz. These rates were significantly higher than when no inputs were applied. At the most realistic size of unitary conductance (500 pS), 30% of GnRH neurons did not respond to GABAergic excitation even with relatively high frequencies of input (50 and 100 Hz GABAergic excitation). At the highest levels of GABAergic excitation (100 Hz and 1250 pS), the percentage of nonresponder GnRH neurons increased to 60%, a finding that was suggestive of depolarization block with high levels of GABAergic excitation alone. Alternatively, the reversal potential for chloride appears to be variable in GnRH neurons (Spergel et al., 1999; Sim et al., 2001 ). Thus, it is possible that spike threshold in these GnRH neurons may be higher than the Ϫ36.5 mV set in the simulated GABA input. Finally, as noted by Moenter and DeFazio (2005) , bath application of GABA receptor antagonists would affect all neurons in the slice, making it difficult to separate the impact of GABA on individual GnRH neurons from broader network effects. We attempted to isolate the effect of GABAergic excitation in single GnRH neurons by using dynamic clamping. While not precluding broader network effects and the limitation of dynamic current clamping notwithstanding, our findings suggest a difference in response to GABA excitation at the level of individual GnRH neurons.
The underlying mechanism through which GABA is excitatory in GnRH neurons may not solely reflect the activation of GABA A receptors. Constantin et al. (2010) reported the initial elevation of internal calcium in GnRH neurons in response to GABA A receptor activation was due to L-type voltage-gated calcium channels similar to earlier findings in GT1-7 cells (Spergel et al., 1995) .
A marked heterogeneity exists in intrinsic properties of individual hypothalamic GnRH neurons (Sim et al., 2001) . One of the heterogeneous properties of adult GnRH neurons appears to be the level of expression and/or activity of calcium channels. Differences in calcium currents have been demonstrated in GnRH neurons in slices from female mice, which were identified by morphology and molecular methods (Sim et al., 2001 ). More recently, heterogeneity in calcium currents was reported in GnRH neurons in slices from GnRH-GFP males in the mouse line used for the present experiments (Spergel, 2007) . Given the observation that activation of GABA A receptors activates L-type calcium channels (Spergel et al., 1995; Constantin et al., 2010), Figure 1 . Dynamic clamping distinguishes GnRH neurons that respond to simulated GABAergic excitation with action potentials ("responder") from GnRH neurons that do not generate GABA-driven action potentials (nonresponder). Representative activity of a responder GnRH neuron to simulated GABAergic excitation using synapses with unitary conductances of 500 pS (A) and 1250 pS (B). Representative firing of a nonresponder GnRH neuron to GABAergic excitation with synapses using unitary conductances of 500 pS and reversal potentials of simulated inputs of either Ϫ36.5 mV (C) or 0 mV (D). C and D show the response of the same GnRH neuron to the same GABAergic input profiles in which only the reversal potential of the simulated inputs was changed during recording. The arrows in C and D indicate when application of the simulated conductance profile ceased and the membrane potential returned to its resting state some 10 -20 mV lower than when simulated GABAergic excitation was applied. Shown are average firing rates of all GnRH neurons (E). Shown are average firing rates of only GnRH neurons that responded to GABAergic excitation with at least one action potential (F ). Numbers of neurons are indicated in parentheses. The asterisks indicate significance at p Յ 0.05 within groups of a given conductance level. Error bars indicate SEM. differences in calcium channel expression could account for the dichotomy in responses to simulated GABAergic excitation. Therefore, we tested the hypothesis that GABAergic excitation evokes firing in responsive GnRH neurons through activation of L-type calcium channels. To investigate the role of L-type calcium channels in the response to activation of GABA A receptors, we applied profiles of simulated GABA A conductances to GnRH somata using dynamic current clamping (see Materials and Methods) in conditions in which L-type calcium channels were active or pharmacologically blocked. Figure 2 shows representative firing during dynamic clamping for two different profiles of simulated GABAergic excitation in two responder GnRH neurons before and after bath application of the L-type calcium channel blocker nimodipine (10 M; n ϭ 7 responders). The same profile of simulated GABAergic conductances was used in control and nimodipine-treated conditions in individual GnRH neurons to allow for a direct comparison. Different profiles of GABAergic excitation (but with the same overall input frequencies) were applied between GnRH neurons to control for any effects of a particular conductance profile. Blocking L-type calcium channels reduced frequencies of firing by 75% in responsive GnRH neurons. Figure 2 B shows spike-triggered averaging on the simulated GABAergic conductance in the same responder GnRH neuron before and after bath application of nimodipine. All action potentials were aligned to time 0, and the changes in conductance associated with action potentials are plotted (see Materials and Methods). When L-type calcium channels were blocked (gray line), higher conductance magnitudes were required to evoke action potentials in response to excitatory GABA relative to the condition in which L-type channels were active (black trace). Our electrophysiological findings with dynamic clamping are consistent with the hypothesis that activation of L-type calcium channels contributes to excitation mediated by GABA in GnRH neurons.
To determine the impact of L-type calcium channels on endogenous activity in GnRH neurons, we performed cell-attached recordings (Fig. 3) . In the absence of AMPA-mediated excitation, short bursts of action potentials occurred throughout the duration of the 10 min recording (Fig. 3A) . Bath application of the L-type calcium channel antagonist nimodipine (10 M) shifted the firing pattern in GnRH neurons from one composed of short bursts to an irregular pattern of firing (Fig. 3B) . The coefficients of variation of action potentials before and following nimodipine application were 2.70 (Ϯ0.10) and 1.8 (Ϯ0.11), respectively. Including nimodipine in the bath perfusate also significantly reduced the frequency of action potentials from 1.84 (Ϯ0.24) to 0.55 (Ϯ0.12) Hz. This was largely due to eliminating highfrequency bursts of action potentials. Following immunocytochemistry on recorded slices, recorded GnRH neurons (n ϭ 7) were positive for L-type calcium channels in somata and proximal GnRH dendrites (at arrowheads in Fig. 3C ).
Multiple Ca 2ϩ channel subtypes play a role in regulating activity of GnRH neurons. For example, periodic oscillations in intracellular The asterisks indicate action potentials that were eliminated following bath application of nimodipine (block). The same profile of simulated GABAergic conductances was used in the control and nimodipine-treated conditions in individual GnRH neurons to allow for a direct comparison within the same neuron. Different profiles of GABAergic excitation (but with the same overall input frequencies) were applied between GnRH neurons to control for any effects of a particular conductance profile. B, Spike-triggered averaging on conductance indicates that responder GnRH neurons require higher conductance magnitudes of GABAergic inputs to generate action potentials when L-type calcium channels are pharmacologically blocked. calcium rely on inositol-1,4,5-trisphosphate receptor activation and store-dependent release, as opposed to plasma membrane ligand-or voltage-gated calcium channels (Jasoni et al., 2007) . Likewise, N-type channels appear to be important in the migration of GnRH neurons in the early embryonic period (Toba et al., 2005) . L-type channels are important in the activity of model GnRH neurons (i.e., GT1-7 cells) Van Goor et al., 2000) . Moreover using dispersed somata, Nunemaker et al. (2003) reported that, of the high-voltage-activated calcium currents, the L-and N-type each comprised ϳ25% of calcium currents. In the present study, we have shown that GABA-mediated activity in GnRH neurons is greatly reduced by blocking currents mediated by plasma membrane voltage-gated L-type calcium channels. Furthermore, the concentration of L-type calcium channels in GnRH somata and proximal dendrites is consistent with earlier observations in hippocampal pyramidal neurons (Westenbroek et al., 1990) . However, in the 300 m slices used for electrophysiological recordings, the dendrites of GnRH neurons often extended into deeper regions of the slice in which penetration of antibodies used for immunocytochemistry would be questionable. To determine whether gradients in L-type calcium channels are present in GnRH dendrites, we applied immunocytochemistry in hypothalamic sections (50 m not used for recordings). Figure 4 establishes a biphasic gradient in L-type calcium channels in GnRH somata and dendrites. We term the gradient in calcium conductances "biphasic" because calcium currents in proximal dendrites (i.e., 0 -26 m) and distal dendrites (ϳ130 m dendrite length) were comparable but were separated by intervening midlengths of dendrite (ϳ27-130 m) with reduced L-type calcium channels.
Approximately one-half of the GnRH neurons (65.2%) were positive for L-type calcium channels in either somata and proximal dendrites or both (Fig. 4 A-C) . Previously, it has been reported that GnRH neurons exhibit a marked variation in activity of voltage-gated L-type calcium channels including variability in current densities and peak conductances (Spergel, 2007) . Since these earlier studies relied on current-voltage relationships in response to somatic current injection, the inferences were largely limited to calcium channels in GnRH somata and proximal dendrites. As noted by Spergel (2007) and above with respect to dynamic current clamping, studies of dendritic calcium conductances are complicated due to both the lack of ability to control voltage in dendritic process and the attenuation of somatically applied voltage signals due to passive decay of applied current, the so-called space-clamp error. Our anatomical findings support the earlier electrophysiological findings in that L-type calcium conductances identified in GnRH somata by immunocytochemistry are highly variable. In the present study, not all GnRH somata or proximal dendrites expressed L-type calcium channels. Therefore, the variations in current densities and peak currents noted by Spergel (2007) most likely reflect true differences in calcium current expression in GnRH neurons.
Data in the present study extend these earlier findings regarding calcium conductances in GnRH neurons by defining a distinctive gradient in L-type calcium conductances along the length of GnRH dendrites. The dendritic presence and distribution of conductances is often characteristic within a population of neurons. Expression of individual conductances varies from uniform along the dendrite, or a gradient that increases or decreases along the dendrite (for discussion of dendritic distribution of conductances, see Migliore and Shepherd, 2002) . Some GnRH neurons were devoid of somatic staining, but L-type calcium channels were apparent in proximal and distal dendrites (Fig. 4C-E) .
When L-type calcium channels were quantified along the length of GnRH dendrites, somatic expression was significantly higher than dendritic expression. However, the magnitude of expression in the most proximal portions of the dendrite (0 -26 m) was comparable with expression in the most distal portions of GnRH dendrites (Ͼ130 m; Fig. 4 F) . Thus, GABAergic inputs could interact with L-type calcium channels in GnRH somata as well as proximal and portions of very distal dendrites.
As noted above, applying simulated inputs to somata via dynamic current clamping may not adequately reflect interactions when inputs are distributed along the dendrite. In the present case, inputs applied with dynamic current clamping would be largely limited to activation of L-type calcium channels on GnRH somata and perhaps proximal dendrites. Dynamic clamping (which requires the whole-cell recording configuration) of GnRH distal dendrites is not tractable due to the small diameters. Thus, we used uncaging of GABA along the GnRH dendrite to examine GABAergic input and their interaction with L-type calcium conductances. Figure 5 shows responses to uncaging GABA on a GnRH soma (Fig. 5A) and at 100 and 200 m of dendrite length (Fig. 5 B, C,   Figure 4 . Dendritic gradients in the distribution of L-type calcium channels in GnRH neurons. Approximately one-half of GnRH neurons express L-type calcium channels in somata and proximal dendrites (at arrowheads in A; the asterisk indicates a GnRH somata without immunoreactivity for L-type calcium channels). A GnRH neuron with only modest staining for L-type calcium channels in somata (B) . A GnRH neuron with L-type calcium channels in the proximal dendrite (at arrowheads in C). Representative GnRH neurons with L-type calcium channels in the distal dendrites (at arrowheads in D and E). F, Distribution of L-type calcium channels in GnRH somata and dendrites.
respectively) in the same neuron. GABA was uncaged at least five times in each location. We considered the soma and most proximal portions of the dendrite (i.e., 0 -26 m of dendrite length) as one compartment, which we termed somatic/ proximal dendritic region. We termed the dendritic lengths from 27 to 129 m the middendritic region and lengths Ͼ130 m to be distal dendritic regions. All responses to GABA uncaging in all tested neurons (n ϭ 16) were repeatable ( Fig.  5A-C) and eliminated with bath application of picrotoxin (40 M). The response to activation of GABA A receptors via uncaging GABA as measured by PSC amplitude was significantly reduced in midand distal dendritic locations relative to somatic/proximal dendritic uncaging (Fig. 5D ). Because these recordings were performed in voltage clamp, it was impossible to distinguish whether the results reflected a decreasing gradient in GABA A receptors along the dendrite as reported in earlier studies (Cottrell et al., 2006) or passive decay of the induced PSC over the dendritic length to the point of detection at the somatic recording electrode.
To determine whether activation of GABA A receptors and presumably GABAergic synapses along GnRH dendrites could generate action potentials, we shifted our uncaging experiments to the current-clamp recording mode. Uncaging of GABA on GnRH somata/proximal dendritic regions resulted in repetitive action potentials, superimposed on large postsynaptic potentials (PSPs) (Fig. 6A, top traces) . The action potential response to uncaged GABA decreased at 100 m of dendrite length (Fig. 6B, top traces) . At 200 m dendrite length, action potentials were not evoked by the same uncaged GABA stimulus (Fig. 6C, top traces) , consistent with a reduction in GABA A receptors and a decreasing outward gradient in GABAergic innervations along the dendrite (Cottrell et al., 2006) . Thus, despite the high axial resistance of distal GnRH dendrites, activation of any existing GABA A receptors was not sufficient to generate dendritic action potentials. Accordingly, the frequency of action potentials in response to uncaging GABA decreased significantly along the dendrite length (Fig. 6 D) .
We previously demonstrated a biphasic anatomical gradient in L-type calcium channels in GnRH dendrites (Fig. 4 F) whereby proximal L-type calcium channels at 0 -26 m of dendrite length were comparable with those at Ͼ130 m of dendrite length. The expression of active ionic conductances in the dendritic tree can, depending on location, "normalize" the capacitance-induced distortion of synaptic signals (Cook and Johnston, 1999) , lead to plateau potential generation, oscillations, and bistability resulting in repetitive action potential generation (Dickson et al., 2000) , and boost the effectiveness of distal synaptic inputs (Schiller and Schiller, 2001) . Such processes can fundamentally change the integrative function of neurons. Therefore, we repeated uncaging of GABA at GnRH somata and along the length of the GnRH dendrite in the presence of nimodipine (10 M). Figure 6 , bottom traces, shows the response to uncaging GABA in the same GnRH neurons as the initial GABA uncaging shown in the top traces. Activation of somatic/proximal dendritic GABA A receptors resulted in robust action potential discharges superimposed on large PSPs. Bath application of nimodipine eliminated somatic action potentials and reduced the magnitude of PSPs (Fig. 6 A, bottom traces) . Likewise, action potentials generated at 100 m of dendrite length in response to uncaging of GABA were eliminated in the presence of nimodipine with a corresponding reduction in the PSP amplitude (Fig. 6 B, bottom  traces) . Blocking L-type calcium channels had no effect on action potential generation at 200 m of dendrite length but continued to reduce the PSP amplitude. Area under the curve of averaged PSPs generated in response to uncaging GABA was significantly reduced at each successively more distal location of uncaging. The frequency of action potentials was significantly reduced in both GnRH somata and proximal dendrites by bath application of nimodipine (Fig. 6 D) . These findings are consistent with a decreasing gradient in GABA A receptors and a decreasing impact of activating L-type calcium channels along the dendrite length. Moreover, based on the magnitude and shape of the PSP response, they suggest that L-type calcium channels mediate a substantial component of both suprathreshold and subthreshold responses to GABA. Thus, L-type calcium channels may amplify the impact of even modest changes in GABAergic PSCs.
Glutamate and GABA are dominant fast neurotransmitters in the hypothalamus. Therefore, we determined whether the actions of glutamate also engage L-type calcium channels. We performed dynamic current clamping and uncaging of glutamate in ACSF and in ACSF with nimodipine (10 M) in the bath perfusate. Application of simulated AMPA-type inputs to GnRH neurons via dynamic current clamping (Fig. 7A , black traces) resulted in trains of action potentials. The addition of nimodipine (10 M) to the bath perfusate did not alter the response of GnRH neurons to simulated AMPA-type inputs (Fig. 7A, gray traces) .
As previously noted, simulated conductances are applied at the somata, and, as such, the passive decay limits their influence to somata and the most proximal dendrites. The finding that nimodipine significantly reduced action potentials driven by simulated GABA by 75% (Fig. 2) but did not alter the response of GnRH neurons to simulated AMPA indicates that, in approximately one-half of GnRH neurons, GABAergic input activates L-type calcium channels in somata/proximal dendrites to generate action potentials simulated AMPA inputs do not.
We then determined whether glutamatergic input on GnRH dendrites activates L-type calcium channels (Fig. 7 B, C) . Adding nimodipine (10 M) to the bath perfusate completely eliminated the response to uncaging of glutamate on GnRH somata and along GnRH dendrites in one population of GnRH neurons ( Fig.  7B ; n ϭ 4). However, the response was only reduced in a second population of GnRH neurons ( Fig. 7C; n ϭ 4) . Thus, the uncaging of glutamate reveals two populations of GnRH neurons. In one population, glutamatergic inputs seem to activate L-type calcium channels, while in the second population, the effect of glutamate is less dependent on L-type calcium channels. Figure 8 shows GnRH neurons filled during GABA uncaging experiments, which were relocated based on avidin-Casade blue (Fig. 8 A, B) . Immunocytochemistry was performed slices containing recorded neurons to identify L-type calcium channels (Fig. 8C,D) . Higher densities of L-type calcium channels were found in proximal dendritic regions than in more distal regions, a finding that was consistent with the loss of action potentials in response to uncaging GABA in the absence of functional L-type calcium channels. . Blocking L-type calcium channels reduces the response to uncaging GABA. Each trace shows a repeated response to GABA uncaging (top traces) and GABA uncaging in the absence of functional L-type calcium channels (bottom traces). Robust action potentials occur when GABA is uncaged on GnRH somata (A; top trace). Action potentials are reduced when L-type calcium channels are blocked (A; bottom trace). Action potentials are elicited by uncaging GABA at 100 m of dendrite length (B; top traces) and reduced when L-type calcium channels are blocked (B; bottom traces). Action potentials are not generated when GABA is uncaged on GnRH dendrites at 100 m of dendrite length (C; top trace). Significantly lower action potential frequencies occur in response to uncaging GABA on GnRH dendrites compared with GnRH somata (D; black bars). Blocking L-type calcium channels reduces response to uncaging GABA on both GnRH somata and dendrites (D; gray bars). The asterisks indicate significance at p Յ 0.05 within groups between neuronal regions (black bars) and within regions between treatments (gray bars). Error bars indicate SEM. 
